One contribution of 10 to a discussion meeting issue 'Challenges for chemistry in molecular imaging'. The CEST properties of EuDOTA-tetraamide complexes bearing pendant carboxylate and carboxyl ethyl esters were measured as a function of pH. The CEST signal from the Eu 3+ -bound water molecule decreased in intensity between pH 8.5 and 4.5 while the proton exchange rates (k ex ) increased over this same pH range. In comparison, the CEST signal in the corresponding carboxyl ester derivatives was nearly constant. Both observations are consistent with stepwise protonation of the four carboxylic acid groups over this same pH range. This indicates that negative charges on the carboxyl groups above pH 6 facilitate the formation of a strong hydrogen-bonding network in the coordination second sphere above the single Eu 3+ -bound water molecule, thereby decreasing prototropic exchange of protons on the bound water molecule with bulk water protons.
Introduction
The paramagnetic chemical exchange saturation transfer (paraCEST) agents present an attractive alternative to gadolinium-based agents for molecular imaging applications. Agents of this class typically consist of a lanthanide ion chelated by a macrocyclic derivative of DOTA and the contrast generated originates from the slow-to-intermediate exchange of the highly shifted lanthanide-bound water molecule with bulk water [1, 2] . Given the ability of lanthanide ions to induce shifts in the resonances of proximate ligand protons, the exchange of highly shifted labile protons of amides and alcohols has also proved to be an efficient way of generating CEST contrast [3] [4] [5] . Eu 3+ complexes of a variety of DOTA-tetraamide ligands have been most widely studied as water exchange-based paraCEST agents. The reasons for this popularity reside in the fact that water exchange is found to be slowest in Eu 3+ complexes in comparison to other lanthanide complexes [6] . A second factor is that the weak electron donating properties of tetraamide oxygen donor atoms compared with DOTA itself results in a three-to fourfold decrease in the rate of water exchange between an inner-sphere Eu 3+ -bound water molecule and bulk solvent, a condition highly favourable for CEST [7] . Furthermore, alteration of the DOTA-tetraamide structure has provided a way to design a variety of paraCEST agents responsive to physiological indicators such as pH [8, 9] , temperature [10, 11] , other metal ions [12] [13] [14] , lactate [15, 16] and enzyme activity [17, 18] . Hence, the ability of these agents to provide functional information of this sort highlights their potential use as molecular imaging probes. The rate of proton exchange (k ex ) is one of the most important factors that determine CEST efficiency in these complexes [19] , so most attempts to improve CEST sensitivity have been focused on designing paraCEST agents that exhibit slow proton exchange kinetics. The major factors influencing k ex in Eu 3+ -based agents are the coordination geometry of the complex and the nature of the ligand side chains. It was previously reported that introduction of carboxyl groups or carboxyl ethyl esters on the amide substituents of EuDOTA-tetraamide complexes would substantially decrease the bound water proton exchange rate. This observation has been explained by the hydrogen-bonding network between carboxyl groups and surrounding second-sphere water molecules that restrain proton exchange with the single inner-sphere water molecule. In this study, we sought to obtain a better understanding of the factors that influence the proton exchange rate in EuDOTA-tetraamide complexes. While a vast majority of studies of such complexes have focused on varying the functional groups on the amide side chains to alter the water molecule exchange rates, this study focused on how a change in pH alters the rate of exchange of protons between inner-and outer-sphere water molecules and how this impacts CEST sensitivity.
Results and discussion
Given that the EuDOTA-tetraamide complexes studied here (scheme 1) have fourfold symmetry, the relative proportions of SAP and TSAP coordination isomers can be estimated by integrating the area of a single, highly shifted ethylenediamine proton in the macrocyclic backbone (usually referred to as the H 4 proton). For Eu 3+ complexes such as these, the H 4 proton resonance is typically found near 24-28 ppm in the SAP isomer and near 5-10 ppm in the TSAP isomer. The high-resolution 1 H NMR spectra of the three carboxylate complexes are shown in figure 1 . It is evident that all three complexes exist mainly as SAP isomers. Closer examination of these 1 H NMR spectra reveals that a second H 4 resonance is also detectable in spectra of Eu-(2.0) and Eu-(3.0) near approximately 7 ppm, showing that a small amount of TSAP isomer is also present in the two complexes. The area of this resonance was found to increase as the length of the alkyl spacer between the amide group and the carboxyl group was increased.
Aime et al. [20] observed a similar trend with a few other Eu 3+ complexes of DOTAtetraamides wherein the SAP/TSAP ratio decreased in proportion to the number of alkyl groups on the amide. Thus, lengthening the alkyl spacer between the amide and carboxylic acid along the series, Eu-(1.0) → Eu-(2.0) → Eu-(3.0), seems to favour the TSAP isomer. It is also interesting that in those complexes where the TSAP isomer can be observed, the H 4 proton resonances of both species are considerably broader. This indicates that the rate of interconversion between the SAP and TSAP isomers also increases as the length of the amide side chains was increased. This observation is useful in the design of paraCEST agents that preferentially exist as the SAP isomer in solution. The 1 H NMR spectra of the three carboxylate derivatives showed no change in the relative proportions of SAP and TSAP isomers over the pH range 4-9 (figure 2). CEST spectra were also collected on these same three complexes as a function of pH. Several notable differences in these spectra were quite apparent (figure 3). First, the CEST intensity of the water molecule exchange peak near 50 ppm followed the same trend, Eu-(1.0) Eu-(2.0) > Eu-(3.0), at all pH values (see quantitative results in figure 3d ). These differences were magnified under more acidic conditions. Since the CEST signal under observation here arises only from the SAP isomer present in solution (water exchange is too fast in the TSAP isomer), this partially reflects a decrease in population of the SAP isomer as the length of the alkyl group increases. The second notable difference relates to the pH dependency of the CEST intensities. Here, the intensity of the CEST signal of Eu-(1.0) remains constant over the pH range 4-7 and slightly decreases above pH 8. at both high pH and low pH. At the lower pH values, the CEST signal of Eu-(3.0) decreases in intensity more than that of Eu-(2.0). These differences approximately parallel the estimated pK a values of the extended carboxylate groups. The carboxylate groups in Eu-(1.0) would be expected to have pK a 's similar to that of glycine, around 2-2.5, well below the range of pH values (4-7) examined here. The carboxylate groups in Eu-(2.0) should be similar to the pK a of the γ carboxyl group in aspartic acid, around 4. in this complex. Among these three complexes, the carboxyl groups in Eu-(3.0) are predicted to have the highest pK a values, consistent with a greater decrease in CEST signal that begins above pH 6 and drops more rapidly as the pH is lowered even further. The green line and data points in figure 3d show similar pH-dependent CEST data for a EuDOTA-tetraamide complex having three appended primary amine groups (labelled Eu-(3.N), an amine analogue of Eu-(3.0). More details of the amine series will be published elsewhere. However, it is interesting to note that in the case of the amine derivative, the pH dependence of CEST is opposite to those complexes described here. In Eu-(3.N), the CEST signal is small at pH 7.4, but increases as almost linearly to pH 4.5 as the amines become protonated. Hence, protonation of an appended carboxyl groups results in quenching of the CEST signal while protonation of appended amine groups results in significant enhancement of the CEST signal.
What is the origin of these interesting differences? As indicated in the introduction, the CEST intensity is highly dependent upon proton exchange rates in all complexes. To verify that these CEST changes are related to differences in proton exchange rates, each of the CEST spectra were fitted to Bloch theory for a two-site exchange model [21] . The resulting values are shown in figure 4 . Not surprisingly, the trends shown in figure 4 for proton exchange rates largely parallel the CEST effects illustrated in figure 3d . of a carboxyl group results in faster proton exchange and a parallel decrease in CEST intensity. This indicates that negatively charged carboxyl groups located near the Eu 3+ -bound water results in a decreased prototropic exchange of bulk water protons with the bound water protons. A carboxylate anion is more electron donating and can participate in more extensive hydrogenbonding (H-bonding) networks with water molecules in the second coordination sphere. This hydrogen-bonding network serves to stabilize the Eu 3+ -bound water molecule, slowing-down or impeding proton exchange with bulk water and thereby enhancing the CEST intensity (figure 5) [22] [23] [24] [25] [26] . Above pH 8, a second factor, base-catalysed proton exchange, begins to play a role in the exchange kinetics and hence the CEST signal once again becomes quenched. In additional support of these conclusions, we also prepared the corresponding ethyl ester derivatives of these same complexes. As shown in figure 6 , the CEST signal of these complexes is not sensitive to changes in pH between 3 and 7.5. In this case, the ester-protected carboxyl groups cannot accept protons so remain pH insensitive over this entire pH range. At higher pH, these systems also show a decrease in pH due to base-catalysed exchange of protons.
Conclusions
In this study, the CEST properties of a series of EuDOTA-tetraamides bearing carboxylic acid, ester or amine substituents were studied as a function of pH. The results indicate that lengthening the alkyl spacer between the amide and the carboxylic acid functional group results in an increase in the population of TSAP isomer that parallels the increasing bulkiness of the amide pendant arms. It was shown that the pH dependence of CEST in these complexes is governed by the rate prototropic exchange between bulk solvent water protons and Eu 3+ -bound water protons. Protonation of appended carboxyl groups results in an increase in the rate of prototropic exchange and subsequent quenching of the CEST signal. The most favourable ionic forms for agents of this type are negatively charged carboxyl groups positioned above the central Eu 3+ -bound water molecule. The resulting hydrogen-bonding network stabilizes all protons in the immediate vicinity of the Eu-bound water molecule and this helps to maximize the CEST effect. The opposite is observed for complexes containing appended amine groups. In those complexes, protonation of the amine groups serves to stabilize the hydrogen-bonding network and increase CEST. Thus, any functional group that stabilizes protons in an inner-/outer-sphere network is advantageous for CEST enhancement. This work demonstrates that the development of paraCEST agents that are responsive to important biomarkers such as the pH can be optimized and tuned so that they can be used in a variety of possible medical applications. Finally, it is worth considering the potential applicability of this method for imaging pH in tumours, acidosis and kidney failure. Although the paraCEST agents mentioned in this work might still be limited by the inherent low sensitivity of the technique, this limitation can be easily overcome by delivering these agents in the form of nanoparticles or macromolecules (liposomes, dendrimers, polymers, viruses, lipoproteins, etc.). The delivery of these particles into the extracellular space can increase the sensitivity of the paraCEST agents by several orders of magnitude by accumulation and/or by simple tissue perfusion. 
